Imprinted genes are differentially methylated during gametogenesis to allow parent-of-origin-specific monoallelic expression. Follicle culture under oil overlay has been associated with altered imprinting establishment in mouse oocytes. We previously demonstrated normal imprinting establishment at four key imprinted genes in mouse oocytes grown and matured in a longterm in vitro follicle culture system without oil overlay. Ammonium (300 lM) has been linked to aberrant imprinting in in vitro preimplantation embryo culture. Compared to culture without oil, mineral oil overlay during follicle culture led to a dramatic increase in ammonia levels in culture medium: mean ammonia levels were, respectively, 39 and 290 lM at Day 4 of culture, 73 and 465 lM at Day 8, and 101 and 725 lM at Day 12 (P , 0.0001). Mineral oil overlay and high ammonia levels (comparable to the follicle culture system for which aberrant imprinting was previously described) during follicle culture did not affect follicle survival, metaphase II (MII) rate, or MII oocyte diameter. Bisulphite sequencing revealed that high levels of ammonia and mineral oil overlay during follicle culture did not alter the methylation status of differentially methylated regions of three key imprinted genes (Snrpn, Igf2r, and H19) in MII oocytes. In the current culture setup, ammonium accumulation and mineral oil overlay during follicle culture do not induce aberrant imprinting establishment at the studied regulatory sequences in mouse oocytes.
INTRODUCTION
Imprinted genes display a parent-of-origin-specific monoallelic expression [1, 2] . Imprinted genes are important for embryo development and growth, placental function, and neurobehavioral processes [3] [4] [5] . Furthermore, aberrant imprinting is involved in human diseases like BeckwithWiedemann, Prader-Willi, and Angelman syndromes [6] .
DNA methylation is the best characterized epigenetic modification that controls genome imprinting. Many imprinted genes display a differential DNA methylation of the parental alleles at cytosine residues of certain DNA regions, the socalled differentially methylated regions (DMR) [7] . Imprints are erased in primordial germ cells [8, 9] and must then be reset during gametogenesis in a sex-specific manner. In postnatal mouse oocytes, DNA methylation is established asynchronously for different imprinted genes during the transition from primordial to antral follicle stages, and this acquisition of DNA methylation correlates with an increase in oocyte diameter for each imprinted gene [10, 11] . For most known imprinted genes, DNA methylation at DMRs is acquired at the maternal allele during oogenesis, but some imprinted genes are methylated during male gametogenesis [12, 13] . To allow full-term development, the differential DNA methylation of imprinted genes should be accurately established during gametogenesis [14] and, subsequently, correctly maintained despite genomewide changes in DNA methylation during preimplantation development.
In vitro culture of preimplantation embryos has been associated with aberrant imprinting in different species [15] . Furthermore, several studies have suggested that there may be an increased incidence in rare human imprinting disorders in children conceived after assisted reproductive technologies (ART) [16] . However, the exact mechanisms that lead to aberrant imprinting after ART remain unknown.
Follicle culture and in vitro maturation (IVM) are new alternative techniques progressively being introduced into the assisted reproductive laboratories to obtain large numbers of oocytes for cloning or to avoid the use of hormone pretreatment in well-defined patient groups [17] [18] [19] . However, only very limited information is currently available on the effects of follicle culture and IVM on the establishment of imprinting in oocytes.
A recent study in humans suggested aberrant DNA methylation at the imprinted H19 gene in oocytes following IVM [20] , and prolonged IVM of mouse oocytes was associated with a loss of DNA methylation at Mest (also known as Peg1) [21] .
We previously described normal DNA methylation patterns at regulatory sequences of Snrpn, Peg3, Igf2r, and H19 in mouse MII oocytes after in vitro follicle culture from the early preantral follicle stage onwards [22] .
Our results are apparently in conflict with another study in the same mouse strain suggesting a loss of DNA methylation at regulatory sequences of the imprinted Igf2r gene and a gain of methylation at H19 in fully grown GV oocytes after in vitro follicle culture [23] . Culture medium and culture conditions were similar for both follicle culture systems except that follicle culture was performed in small culture droplets under mineral oil in the latter [23] . Prolonged culture in small medium droplets under mineral oil may lead to an accumulation of toxic ammonium in the culture medium, and ammonium has been linked with aberrant imprinting in in vitro preimplantation embryo culture [24] . Furthermore, mineral oil overlay, which is widely used in IVM, has been associated with delayed nuclear maturation and reduced developmental capacity in pig IVM [25] and with delayed meiosis I progression in mouse oocytes after in vitro follicle culture [26] . These adverse effects of oil may possibly be explained by the fact that oil extracts steroid hormones from the culture medium [27] or by impurities that cause toxic effects [28, 29] . Extraction of estrogens in mineral oil (leading to reduced estrogen levels in culture medium) may also play a role in altered imprinting establishment, as it has been shown that during critical periods of mammalian development, estrogens or xenobiotic substances with estrogenic effects such as bisphenol A may alter DNA methylation patterns [30] .
The aim of the present study was to determine whether oil overlay and ammonium accumulation during follicle culture may lead to aberrant DNA methylation patterns at regulatory sequences of imprinted genes in mouse MII oocytes. We therefore determined the DNA methylation status at regulatory sequences of the Igf2r, Snrpn, and H19 imprinted genes in mouse MII oocytes grown and matured in a long-term in vitro follicle culture system in the presence of mineral oil overlay and high ammonia levels. In mouse oocytes, DNA methylation acquisition at regulatory sequences of Snrpn and Igf2r was shown to occur during oogenesis in the postnatal growth phase [10] . At H19, DNA methylation is acquired in the male germ line [12, 13] . However, DNA methylation at H19 was studied for two reasons: first, a nonmethylated pattern at dinucleotide (CpG) sites excluded the presence of cumulus cell contamination in the analyzed oocytes; second, hypermethylation at H19 has been described in oocytes after in vitro follicle culture [23] and after IVM in humans [20] , suggesting that H19 might be particularly vulnerable to culture-induced imprinting defects in oocytes.
MATERIALS AND METHODS

In Vitro Follicle Culture
This study was performed with F1 mice (C57BL/6J 3 CBA/Ca; Charles River, Brussels, Belgium) housed and bred according to the national standards for animal care and approved by the Ethical Committee for Animal Experiments of the Vrije Universiteit Brussel (Project 01-395-1).
Metaphase II oocytes were obtained after in vitro follicle culture as described previously [31] . In brief, early preantral follicles with a diameter between 100 and 130 lm were mechanically isolated from the ovaries of 13-to 14-day-old F1 mice in Leibovitz L15 medium (Invitrogen, Merelbeke, Belgium). The control follicle culture medium consisted of a-minimal essential medium (a-MEM; Invitrogen) supplemented with 5% heat-inactivated fetal bovine serum (HIA FBS; Invitrogen), 5 lg/ml insulin, 5 lg/ml transferrin, and 5 ng/ml selenium (Sigma-Aldrich, Bornem, Belgium); and 10 IU/L recombinant follicle-stimulating hormone (r-FSH; Gonal-F; Serono, Geneva, Switzerland). Follicles were individually cultured in 75 ll medium in 96-well plates (Costar, Kruibeke, Belgium) containing approximately 10 follicles per plate, without oil overlay, for a 12-day period to grow to antral follicles. Follicles were cultured in an incubator at 378C, 100% humidity, and 5% CO 2 in air. Part of the medium (30 ll) was refreshed on Days 4, 8, and 12, and the spent medium in each plate was pooled for ammonia and steroid hormone measurements. At the end of the 12-day culture period, an ovulatory stimulus was given with 1.2 IU/ml recombinant human chorionic gonadotrophin (r-hCG; Ovitrelle; Serono) supplemented with 4 ng/ml recombinant epidermal growth factor (r-EGF; Roche Diagnostics, Vilvoorde, Belgium). Oocyte-cumulus cell complexes containing MII oocytes were collected into L15 medium 18 h after r-hCG/r-EGF.
For the experimental condition, follicle cultures were set up in a similar manner, but with 1) the addition of 500 lM ammonium acetate (catalog no. A7330; Sigma-Aldrich) in the culture medium and 2) mineral oil overlay (20 ll per well; catalog no. M8410; Sigma-Aldrich).
Follicle growth and oocyte maturation were monitored as described previously [32] for four independent control in vitro follicle culture experiments (n ¼ 515 follicles) and for four independent experimental follicle culture experiments (n ¼ 486 follicles). Follicle survival was defined as those follicles that could retain their oocyte completely embedded within the granulosa cell mass, and this was expressed as a percentage of follicles initially included in the experiment (at the moment of plating) [32] .
The MII oocytes used for the bisulphite sequencing experiments were obtained from one control follicle culture; those for the experimental condition (ammonium addition with mineral oil overlay) were from four independent follicle cultures, involving four mice per culture experiment.
Oocytes for DNA methylation analysis were washed free from somatic cells by transfer through three washes of L15 medium with a mouth-controlled glass pipette, and approximately 100 MII oocytes per culture were pooled. Special care was taken that no cumulus cells should contaminate the oocyte samples. Furthermore, none of the five oocyte pools showed a clone with a methylated pattern for H19 DMR, indicating that no cumulus cell contamination occurred (paternal alleles display a fully methylated pattern).
For ammonia measurements in culture medium, four independent 96-well plate follicle cultures were set up under similar conditions as described above, but with mineral oil overlay (20 ll per well) without supplemental ammonium addition. Furthermore, early preantral follicles were individually cultured in 20-ll droplets of culture medium in 60-mm petri dishes (Falcon; Becton Dickinson, Belgium) under 5 ml of mineral oil as described previously [32, 23] . Culture medium contained 10 IU/L or 100 IU/L r-FSH. Part of the medium (10 ll) was refreshed every 2 days. Culture medium and conditions were otherwise identical to the ones described above for the control 96-well plate culture. Two independent Petri dish culture experiments were set up for each r-FSH concentration. For ammonia measurements, spent medium was collected on each day of refreshment and on the day of oocyte collection and pooled per Petri dish (containing 20 follicles per dish) or per 96-well plate (containing 10 follicles per plate) for each day.
Bisulphite Sequencing
DNA was extracted from the oocyte pools (containing approximately 100 oocytes per pool) using the QIAamp DNA Micro kit (Qiagen, Venlo, The Netherlands). Bisulphite treatment was performed with the EZ DNA Methylation kit (Zymogen Research, Orange, CA). DNA was eluted in 10 ll of the kit's elution buffer, stored at À808C, and used within 2 wk for PCR. Nested PCR was performed for amplification of DMRs of the imprinted genes H19, Snrpn, and Igf2r as described previously [22] . For H19 and Igf2r, PCR was performed on one (control follicle culture) and four (ammonium addition with mineral oil overlay condition) independent samples of approximately 100 MII oocytes with primers for bisulphite-treated DNA. For Snrpn, PCR was performed on one (control follicle culture) and two (ammonium addition with mineral oil overlay condition) independent samples of approximately 100 MII oocytes. We performed four independent experiments for H19 and Igf2r DMRs (and only two for Snrpn) because aberrant DNA methylation patterns have been described for H19 and Igf2r DMRs in oocytes after follicle culture [23] .
Primer sequences for Snrpn DMR1, Igf2r DMR2, and H19 DMR (containing the CTCF 1-2 region involved in imprinted expression of Igf2) have been previously described [33] . We analyzed 16 CpG sites in a 422-bp fragment of H19 (GenBank accession no. U19619, 1304-1726), 16 CpG sites in a 419-bp fragment of Snrpn (AF081460, 2151-2570), and seven CpG sites in a 205-bp fragment of Igf2r (L06446, 796-1001) [33] .
PCR products were subcloned using the TOPO TA Cloning kit (Invitrogen) and sequenced as described previously [22] . For each oocyte pool, 12 to 16 clones were sequenced per gene using M13 Reverse and M13 Forward universal primers with the Big Dye Terminator kit and the ABI PRISM 3100 sequencer (Applied Biosystems, Nieuwerkerk, The Netherlands). As a control for completeness of bisulphite modification, the conversion of cytosine residues outside CpGs was analyzed in each sequence. Cytosines outside CpGs are unmethylated and should therefore be converted by bisulphite treatment. Only sequences with .95% bisulphite conversion of cytosine residues outside CpGs were included in the results to exclude false results due to incomplete DNA modification by bisulphite.
Ammonia and Steroid Hormone Measurements
Ammonia was measured in spent medium pooled per 96-well plate or per Petri dish plate (and immediately frozen at À208C until analysis) at each refreshment day and at oocyte collection by the Vitros 5.1 FS analyzer (OrthoClinical Diagnostics, Beerse, Belgium). For each follicle culture setup, ammonia values were measured for eight 96-well plates from four independent in vitro follicle culture experiments (n ¼ 8) or for four Petri dish follicle culture plates from two independent culture experiments (n ¼ 4). Estradiol (E2), progesterone (PRG), and dihydrotestosterone (DHT) were measured in medium collected on Day 12 of follicle culture and pooled per 96-well plate by radioimmunoassays (RIA) from Diasorin (Stillwater, MN), CIS bio international (Gif-Sur-Yvette, France), and Intertech (Dudelange, Luxembourg), IMPRINTING IN MOUSE OOCYTES AFTER FOLLICLE CULTURE 667 respectively. For each follicle culture setup, steroid hormone values were measured for eight 96-well plates from four independent in vitro follicle culture experiments (n ¼ 8).
All methods had been previously tested for their validity for measurements in conditioned medium.
Statistics
Day 12 follicle survival rate, MII oocyte rate, and MII oocyte diameters were compared between the control follicle culture system and the experimental in vitro follicle culture by Mann-Whitney U analysis. Likewise, steroid hormone levels were compared for both follicle culture conditions by MannWhitney U analysis.
Ammonia levels (at each refreshment day and at oocyte collection day) were compared for different follicle culture setups. Comparisons were made between the control 96-well plate follicle culture without oil and the 96-well plate follicle culture with mineral oil overlay, between the control 96-well plate follicle culture without oil and the Petri dish follicle culture system under oil with 100 IU/L r-FSH, and between both Petri dish follicle culture systems (with 10 and with 100 IU/L r-FSH). We also compared ammonia levels between subsequent refreshment days for the control 96-well plate in vitro follicle culture system, for the 96-well plate follicle culture system with mineral oil overlay, and for both Petri dish follicle culture systems (10 and 100 IU/L r-FSH). For the comparison of ammonia levels, ANOVA was performed with unequal variances for each treatment-day combination. Groups were compared with each other, and correction for simultaneous hypothesis testing was performed with simulation in order to obtain a global significance level of 0.05; P-values below 0.05 are considered as significant.
RESULTS
Ammonia Measurements in Different Culture Setups
Ammonia measurements in spent medium collected at culture medium refreshment and at oocyte collection are presented in Table 1 for different follicle culture conditions.
Mean ammonia levels in the control in vitro follicle culture system (96-well plate culture), for which we previously described normal DNA methylation patterns at Snrpn, Igf2r, Peg3, and H19 in MII oocytes [22] , rose from 39 lM on Day 4 to 101 lM on Day 12. However, the follicle culture system, for which aberrant imprinting establishment in oocytes had been reported by Kerjean et al. [23] for Igf2r and H19, showed markedly higher ammonia levels in spent medium: mean levels ranged from 367 lM to 1512 lM (P , 0.0001 for comparisons at all refreshment days). This follicle culture system was, however, performed in small-volume droplets in Petri dishes with oil overlay and culture medium containing 100 IU/L r-FSH [23] . By reducing r-FSH levels in this Petri dish system under oil 10-fold, to the concentration used in our control follicle culture system (10 IU/L, previously described as the physiological FSH concentration [34] ), we measured lower ammonia values in the spent culture medium: 249 to 1416 lM (P , 0.02 for the comparison on Day 4).
When mineral oil overlay was applied on the 96-well follicle culture system, ammonia levels rose: mean ammonia levels were 290 lM up to 725 lM (P , 0.0001 for comparisons with the 96-well follicle culture system without oil at all refreshment days). These levels were still markedly lower than the Petri dish culture system. To assess the possible effects of high ammonia levels during follicle culture on imprinting establishment in oocytes, we aimed to obtain ammonia levels comparable to the Petri dish culture system. Therefore, we combined oil overlay with an addition of 500 lM ammonium acetate to the culture medium in the 96-well plate follicle culture system. Under these conditions the targeted high ammonia levels were reached in culture medium: mean levels were 631-1070 lM, which were comparable to the Petri dish culture [23] .
Ammonia levels were compared in spent culture medium between subsequent refreshment days. For the control 96-well plate follicle culture without oil, a significant rise in ammonia levels from Day 4 to Day 8 (P , 0.006) was found. For the 96-well plate follicle culture under oil and the Petri dish follicle culture system with 100 IU/L r-FSH, we found a significant rise from Day 4 to Day 8 and from Day 8 to Day 12 (P , 0.0001 for both comparisons in both culture setups) and a significant drop from Day 12 to the day of oocyte collection (P , 0.0001).
For the Petri dish follicle culture system with 10 IU/L r-FSH, a significant rise in ammonia levels was found from Day 4 to Day 8 and from Day 8 to Day 12 (P , 0.02 for both comparisons).
Steroid Hormone Measurements in Different Culture Setups
Levels of E2, PRG, and DHT were measured in culture medium at Day 12 for the control in vitro follicle culture and for the experimental follicle culture system with mineral oil overlay and high ammonia levels. Levels of E2, PRG, and DHT were significantly higher in medium on Day 12 for the control in vitro follicle culture than for the follicle culture with oil overlay: mean (SD) values for E2 were, respectively, 17 968 Follicle survival rate at Day 12 of culture, MII rate, and MII oocyte diameter were compared between the control in vitro follicle culture system without oil [22] and the experimental follicle culture system with mineral oil overlay and high ammonia levels in culture medium. Follicle survival for the control (n ¼ 515 follicles) and the experimental follicle culture system (n ¼ 486) were similar: mean (SD) Day 12 follicle survival was, respectively, 97.8% (4.2%) and 96.1% (6.3%). Similarly, there was no significant difference in MII rate and MII oocyte diameter between the two conditions: mean (SD) MII rate was, respectively, 95.4% (8.9%) and 96.7% (4.6%) and mean (SD) MII oocyte diameter was, respectively, 70.9 (2.5) and 70.5 (2.3) lM.
DNA Methylation Patterns at Regulatory Sequences of Imprinted Genes in MII Oocytes after In Vitro Follicle Culture Without Oil and after In Vitro Follicle Culture with Mineral Oil Overlay and High Ammonia Levels
Results of DNA methylation analysis of DMRs of Igf2r, H19, and Snprn in MII oocytes after follicle culture without oil are presented in Figures 1A, 2A , and 3A. For Igf2r, the percentage of methylation at CpG sites was 100%, H19 was unmethylated (2.1% methylation at potential methylation sites), and for Snprn, the percentage of methylation at CpG sites was 100%.
Results of DNA methylation analysis of DMRs of Igf2r, H19, and Snprn in MII oocytes after in vitro follicle culture with mineral oil overlay and high ammonia levels are presented in Figures 1B, 2B , and 3B. For Igf2r, the percentage of IMPRINTING IN MOUSE OOCYTES AFTER FOLLICLE CULTURE methylation at CpG sites was 99.7%, H19 was unmethylated (1% methylation at potential methylation sites), and for Snrpn, the percentage of methylation at CpG sites was 97.3%.
DISCUSSION
Follicle culture and IVM are new alternative techniques progressively being introduced into the ART laboratories. However, only very limited information is currently available on the effects of follicle culture and IVM on the establishment of imprinting in oocytes. A study in humans suggested aberrant DNA methylation at the imprinted H19 gene in oocytes following IVM [20] , and prolonged IVM of mouse oocytes was associated with a loss of DNA methylation at Mest [21] . However, 28 h of IVM is excessively long in mice, considering the fact that at 21 h post-hCG, aging effects are visible on the spindle apparatus [26] .
A recent study in humans found a significant deficit in methylation at KCNQ1OT1 in MII oocytes from stimulated cycles matured in vitro compared to in vivo-matured MII oocytes. This study suggested that ovarian hyperstimulation recruits earlier stage follicles that are unable to acquire full imprinting during the short in vitro maturation process, although culture-induced effects on imprinting could not be excluded [35] .
We previously described normal DNA methylation patterns at regulatory sequences of Snrpn, Peg3, Igf2r, and H19 in mouse MII oocytes after in vitro follicle culture from the early preantral follicle stage onwards [22] . The mouse follicle culture system allows oocytes to be grown from early preantral follicles up to fertilizable MII oocytes in a reproducible way during a 13-day culture period [31] . Oocytes derived from this follicle culture system have a smaller diameter than in vivogrown oocytes [22] , as was also described in other follicle culture systems [36] . MII rates are above 90% and healthy offspring can be obtained from these oocytes, although at a lower rate than from in vivo-grown oocytes [22] .
It was at first ascertained that the oocytes from early preantral follicles used for our culture experiments show a DNA methylation status at potential methylation sites of Snrpn DMR1 of only 50.8% [22] , confirming two other studies in different mouse strains that imprinting is not yet fully established in oocytes from early preantral follicles [10, 11] . Therefore, the correct DNA methylation pattern of Snrpn, Peg3, and Igf2r suggested that imprints for these three genes are correctly established under the in vitro follicle culture conditions and maintained in MII oocytes harvested at 18 h post-hCG [22] .
In the present study, we confirmed a normal DNA methylation pattern at Snprn, Igf2r, and H19 in a pool of approximately 100 MII oocytes after in vitro follicle culture.
Our results are apparently in contrast with a previous study, performed in mice, suggesting that a 12-day in vitro follicle culture can lead to a loss of methylation at Igf2r DMR (in six out of seven independent experiments) and a gain of methylation at H19 DMR (in one out of seven) in fully grown GV oocytes compared to in vivo fully grown oocytes [23] . In the latter study, DNA methylation analysis of DMRs was performed by denaturing high-performance liquid chromatography analysis. The culture medium used, the mouse strain, and the early preantral follicle stage at the start of the culture were similar to our follicle culture. A first difference between the two follicle culture systems was that follicle culture in the study from Kerjean et al. [23] was performed with high r-FSH concentrations (100 IU/L), being 10 times the minimal 670 effective dose to obtain maximal follicle survival [34] . However, our own findings with follicle culture under supraphysiological concentrations (100 IU/L) of r-FSH were consistent with normal DNA methylation patterns at DMRs of Snrpn, Igf2r, and H19 in MII oocytes [22] . A second difference between the two follicle culture systems is that follicle culture in the study from Kerjean et al. was performed in small culture droplets in Petri dishes under mineral oil [23] . Prolonged culture in small medium droplets under mineral oil may lead to an accumulation of ammonium in the culture medium. Ammonium accumulates in cell culture medium due to ammonia release from amino acid metabolism in cells and due to the chemical decomposition of amino acids, mainly glutamine, in culture medium when incubated at 378C [37] . Ammonium build up during in vitro embryo culture has negative effects on embryo development and can affect subsequent fetal development [24] . In vitro exposure of small or medium-sized bovine ovarian follicles to ammonium chloride (at 400 or 200 lM, respectively) reduced cell growth [38] . Furthermore, maturation of ovine oocytes in coculture with bovine granulose cells previously exposed to 500 lM ammonium reduced cleavage rates and blastocyst rates [38] .
Ammonium has also been linked to aberrant imprinting of H19 in in vitro preimplantation embryo culture [24] . The Petri dish follicle culture system under oil for which aberrant imprinting in oocytes was previously described for Igf2r and H19 [23] showed 10-fold-higher ammonia levels in culture medium than the control in vitro follicle culture system (96-well plate culture), for which we previously described normal DNA methylation patterns at Snrpn, Igf2r, Peg3, and H19 in MII oocytes [22] . When reducing r-FSH levels in the Petri dish system under oil 10-fold to the concentration used in our control follicle culture system (10 IU/L), somewhat lower ammonia values were registered in the culture medium, demonstrating that high gonadotropin levels in culture medium promote ammonium build up. Culture under 100 IU/L r-FSH probably results in a higher number of granulosa cells and generates more ammonium from metabolic breakdown of amino acids. When mineral oil overlay was applied on the control 96-well follicle culture system, ammonia levels were much higher than for the control culture without oil overlay, reflecting an important accumulation of ammonium in culture medium under oil, despite medium refreshments performed every 4 days. Ammonia levels in spent culture medium showed a significant rise from Day 4 to Day 8 for all follicle culture setups and from Day 8 to Day 12 for all follicle culture setups under oil, reflecting an increase in ammonia generation with follicle growth and a more important accumulation of ammonium in culture medium under oil. The drop in ammonia levels at the day of oocyte collection (Day 13 of culture) in the follicle culture setups under oil may be explained by the medium refreshment performed on the day prior to the oocyte collection day, generating an interval of only 1 day instead of 4 days for the other medium refreshment day comparisons.
To assess the possible effects of high ammonia levels during follicle culture on imprinting establishment in oocytes, we aimed to obtain comparable ammonia levels as for the Petri dish culture system by combining the use of oil overlay with a supplementary addition of ammonium acetate to the culture medium in the 96-well follicle culture system. Under these conditions, mean ammonia levels in culture medium were 631-1070 lM, and particularly during the first 8 days of culturethis being the period during which DNA methylation at regulatory sequences is expected to be completed for Snrpn and Igf2r [10, 11] -ammonia could be kept at high levels. These levels were substantially higher than 300 lM, which is the ammonia level for which aberrant imprinting was described after in vitro preimplantation embryo culture [24] . Compared to the control follicle culture, we found that high ammonia levels and mineral oil overlay during follicle culture had no influence on Day 12 follicle survival, MII oocyte rate, or MII oocyte diameter. 
IMPRINTING IN MOUSE OOCYTES AFTER FOLLICLE CULTURE
Oil overlay is widely used in IVM, although it has been associated with delayed nuclear maturation and reduced developmental capacity in pig IVM [25] and with delayed meiosis I progression in mouse oocytes after in vitro follicle culture [26] . Extraction of steroid hormones in mineral oil leads to reduced steroid hormone levels in culture medium [27] . When mineral oil overlay was applied to the follicle culture system, we observed similar reductions in steroid hormone levels: E2, PRG, and DHT levels decreased by 55%-70% in culture medium. Reduced steroid hormones in culture medium may also be a threat to normal imprinting establishment, as it has been shown that during critical periods of mammalian development, estrogens or xenobiotic substances with estrogenic effects, such as bisphenol A, may alter DNA methylation patterns [30] .
Our results showed normal DNA methylation patterns at the studied regulatory sequences of Snrpn, Igf2r, and H19, demonstrating that ammonium accumulation and mineral overlay during follicle culture do not induce aberrant imprinting establishment at the studied regulatory sequences in MII oocytes.
A possible explanation for the discordant findings between our experiments and those of Kerjean et al. could be that different DMRs were studied for the H19 gene, respectively, the CTCF1-2 region and the CTCF3-4 region [22, 23] . For Igf2r the DMR2 was studied by both groups, although not exactly the same region in DMR2. There could be a different susceptibility of certain DMRs to culture-induced effects. The H19 CTCF1-2 region was recently shown to be more susceptible than the CTCF3-4 region to aberrant DNA methylation after IVF and embryo culture in mice [39] , suggesting that the H19 region studied in our experiments might be more susceptible to culture-induced effects. However, a direct comparison of the two H19 DMRs under the two different follicle culture conditions should be made to exclude that a different susceptibility of both H19 regions accounts for the discordant findings in our experiments and those of Kerjean et al. [22, 23] .
The bisulphite sequencing technique is a widely used technique to study DNA methylation patterns at DMRs of imprinted genes, but the technique is associated with a substantial loss of DNA, commonly resulting in amplification of only a few alleles when performed on DNA from limited cell numbers. However, we have now performed the bisulphite sequencing technique on 11 pools of 100-150 oocytes from 11 independent follicle cultures (without mineral oil overlay and added ammonium) and found normal DNA methylation patterns at DMRs of Snprn, Igf2r, and H19 in MII oocyte pools from all 11 in vitro follicle cultures (eight independent cultures in [22] ; one in the present study, and two as yet unpublished results). We believe that somatic cell contamination is another important issue in the study of DNA methylation in oocytes. We took special care to completely remove somatic cells from oocytes. Furthermore, we studied DNA methylation at H19 DMR and found no methylated alleles (paternal alleles from somatic cells show a fully methylated pattern) for each of the 11 independent experiments cited above, thereby demonstrating the highly efficient removal of cumulus cells. However, when using acid thyrode to remove the zona with, eventually, a few cumulus cells attached, we found clear evidence of somatic cell DNA contamination (fully methylated H19 alleles and unmethylated Igf2r and Snprn alleles) in three independent bisulphite sequencing experiments on three pools of 100-150 MII oocytes (unpublished results). Acid thyrode probably lyses the cumulus cells attached to the zona, releasing DNA that can apparently not be fully removed despite repeated washing steps.
In conclusion, we found that mineral oil overlay during follicle culture leads to a dramatic increase in ammonia levels in culture medium. However, mineral oil overlay and high ammonia levels during follicle culture had no effect on follicle survival, MII rate, or MII oocyte diameter. Furthermore, MII oocytes grown and matured in a long-term preantral follicle culture system under mineral oil overlay and under high ammonia levels showed normal DNA methylation patterns at regulatory sequences of three key imprinted genes, suggesting that mineral oil overlay and ammonium build up in culture medium during in vitro follicle culture do not induce aberrant imprinting establishment in MII oocytes at the studied regulatory sequences. Similar studies should be conducted for other in vitro follicle culture and IVM systems, as oil overlay, leading to a variable degree of ammonium build up and extraction of lypophilic substances from culture medium, is widely used in ART laboratories, and data concerning the effect of these techniques on imprinting establishment in oocytes are currently sparse.
